White spot syndrome (WSS) is a viral disease which affects most of the commercially cultivated marine shrimp species, not just in Taiwan but globally. The principal clinical sign of WSS is the presence of white spots on the proximal surface of the cuticle of the diseased shrimp. The causative agent is a dsDNA virus which consists of an enveloped, rod-shaped nucleocapsid. White spot syndrome virus (WSSV) infection is character ized by rapid disease onset and high mortality. The mortality typically reaches 90% within 2 to 7 days after the onset of the disease. Recently, WSSV was also found in the form of a latent infection in freshly caught wild shrimp and crabs. Under stressful conditions, WSSV was triggered to replicate rapidly and subsequently caused the death of these animals. Using polymerase chain reaction (PCR), we successfully detected WSSV in cultured and captured shrimp and crabs. Detection of WSSV in non-cultured arthropods collected from WSSV-affected shrimp farms revealed that copepods, the pest crab Helice tridens, small pest palaemonid prawns, and possibly the larvae of an ephydrian insect were reservoir hosts of WSSV. The tissues targeted by WSSV originate from both the ectoderm and the mesoderm. In situ hybridization and transmission electron microscopy (TEM) showed evidence of WSSV in the reproductive organs of black tiger shrimp Penaeus monodon. Since infected oocytes either undergo necrosis or fail to develop to maturity, transovarial transmission is an unlikely pathway. Transovum transmission is a very real possibility, however, and perhaps one of the most effective ways of dealing with this is simply to rinse or disinfect the nauplii.
White spot syndrome (WSS) is a viral disease which affects most of the commercially cultivated marine shrimp species, not just in Asia but globally (Takahashi et al., 1994; Chou et al., 1995; Wongteerasupaya et al., 1995; Lightner, 1996; Lo et al., 1996a Lo et al., , 1996b Flegel, 1997) . In 1993, WSS in cultured black tiger shrimp Penaeus monodon and redtail shrimp P. penicillatus was observed (Chou et al., 1995) . The principal clinical sign of WSS is the presence of white spots in the exoskeleton and epidermis of the diseased shrimp. The presence of white spots does not always mean that the condition is terminal. For instance, under non-stressful condi tions, infected shrimp with white spots may survive indefinitely. If the following signs appear however: lethargy, a pink to reddish-brown coloration, the gather ing of affected shrimp around the edges of ponds at the surface during the day and a rapid reduction in food con sumption, then a very high mortality rate in the shrimp population can be expected within a few hours to a few days of the onset of the signs. WSS can cause up to 100% mortality, with a correspondingly devastating eco nomic impact.
So far, no significant resistance to this disease has been reported for any species of shrimp ei ther in Taiwan or elsewhere (Lightner, 1996) .
White spot syndrome virus (WSSV)
The causative agent of WSS, white spot syndrome virus (WSSV) is a rod-shaped virus (Chou et al., 1995; Wang et al., 1995; Lo et al., 1996a) . WSSV is ex tremely virulent, has a wide host range and targets vari ous tissues Lo et al., 1996b Lo et al., , 1997 . The rapid onset and lethality of this disease are remark able (Chou et al., 1995; Chang et al., 1996; Chou et al., 1998) . The virion is fusiform or rod-shaped with bluntly rounded ends. In negatively stained prepara tions, it is 70 to 150 nm at its broadest point, and 250 to 380 nm long, which is about 10% larger than in ultrathin sections. In some virions, a tail-like projection extend ing from one end can be seen. The non-enveloped nucleocapsids are normally 58 to 67 nm in diameter and 330 to 350 nm long. The capsid components form par allel cross-striations.
Thus, the capsid seems to be com posed of rings of subunits in a stacked series. The thick ness of the rings is very constant, at about 20 nm. The rings are perpendicular to the longitudinal axis of the capsid. The full length of WSSV genomic DNA is longer than 150 kbp (Wang et al., 1995) . The Sal I, Xho I and Hind III restriction profiles of WSSV DNA isolated from Penaeus japonicus and P. monodon have been shown to be very similar (Kou and Lo, unpublished data).
Diagnostic tools for WSS
Current diagnostic methods for WSS include histo pathology with routine hematoxylin/eosin tissue stain ing, in situ hybridization with WSSV probes, dot blot hybridization with WSSV probes, and polymerase chain reaction (PCR) with specific primer pairs for WSSV.
A diagnostic probe for WSSV developed in our labo ratory was derived from a plasmid clone, pms 146, se lected from our WSSV Sal I genomic library. The in sert of pms 146 is a 1461 bp WSSV Sal I fragment.
The specificity of the pms 146 probe was confirmed by dot blot hybridization, in which the probe hybridized spe cifically with the WSSV DNA in infected shrimp speci mens, but did not hybridize with healthy shrimp DNA (Lo et al., 1996a) . In situ hybridization of the pms 146 probe with tissue sections of healthy shrimp revealed that nonspecific reactions of the probe occur only in the cuticle. With in situ hybridization, infected and uninfected cells in various tissues can easily be distin guished (Lo et al., 1996a (Lo et al., , 1996b (Lo et al., , 1997 .
Highly specific nested primer sets for two-step PCR derived from the sequence of a cloned WSSV Sal I 1461 by DNA fragment were utilized for WSSV diagnostic PCR (Lo et al., 1996a) . The sensitivity of the two-step amplification was shown to be 103 to 104 times greater than that of one-step amplification alone. With two step WSSV diagnostic PCR, it is, in fact, possible to detect 10-50 copies of target DNA in a PCR-reaction solution.
Due to its specificity and sensitivity, two-step WSSV diagnostic PCR should be useful both for identi fying carriers in shrimp larvae, parental spawners and invertebrate populations which share the same habitat, as well as in helping to ascertain the transmission and infection cycle of WSSV. In addition, PCR requires only a small amount of template DNA. Since this can be prepared from a small volume of hemolymph or from biopsied appendages, it is a conveniently non-destruc tive way of examining broodstock for WSSV infection, and it is also suitable for monitoring cultured shrimp during their grow-out period (Lo et al., 1996a (Lo et al., , 1996b (Lo et al., , 1997 .
Interpretation of the diagnostic results using molecular approaches WSSV diagnostic PCR and the in situ hybridization assay have both been successfully applied to the detec tion of WSSV in asymptomatic carrier shrimp and crabs (Lo et al., 1996a (Lo et al., , 1996b (Lo et al., , 1997 . A comparative study of the two methods (Kou and Lo, unpublished data) found that a given specimen diagnosed as one-step PCR posi tive may have anywhere between one to 1000 positive cells per 200 microscopic fields (magnification 400x) as detected by in situ hybridization. This covers quite a wide range, corresponding to in situ hybridization sig nal prevalence scores of "low" through "high" (Table  1) . However, although in situ hybridization allows finer distinctions to be made, the PCR protocol is far more efficient and convenient. It would, for instance, be quite impractical to try to diagnose a two-step positive infec tion by in situ hybridization assay.
Our time series studies on experimental WSSV infec tions showed that two-step WSSV diagnostic PCR is almost always able to distinguish between uninfected, pre-patent (also referred to as the latent, persistent or asymptomatic carrier state), transition and patent states of WSSV infection in shrimp. The criteria that define these states are summarized in Table 3 . Natural infection of WSSV in crustaceans collected from coastal waters around Taiwan affected shrimp because the white spots are very notice able in species such as P. monodon (black tiger shrimp). P. japonicus (kuruma shrimp), and Metapenaeus ensis (sand shrimp). However, in diseased P. penicillatus (red tail shrimp) and Macrobrachium rosenbergii (the giant freshwater prawn), usually the white spots can be seen only after the carapace has been removed, while in portunid crabs such as Scylla serrata, the gross signs of WSS take the unusual form of clouded areas in the last two segments of the fifth pereiopod (Lo et al., 1996a; Peng et al., 1998) . The presence of WSSV has been confirmed in wild-caught shrimp (P. monodon, P. japonicus, P . semisulcatus and P. penicillatus) and crabs (Calappa philarigus, Charybdis feriatus, Charybdis natator, Helice tridens, Portunus pelagicus, P. sanguinolentus, S. serrata) collected from the natural environment in coastal waters around southern Taiwan (Lo et al., 1996b; Kou and Lo, unpublished data) . The prevalence in several species is very high (Table 3) . PCR, in situ hybridiza tion, and TEM established that C. feriatus and P. sanguinolentus crabs, both of which are often used as feed for shrimp culture, were heavily infected with WSSV, although they did not exhibit gross signs such as white spots. Because of this finding, farmers have been warned against using captured crabs to feed brooder shrimp. In Thailand, marine crabs were also proven to be hosts of WSSV (Dr. Flegel, pers. comm.). Once informed, local farmers there stopped using crabs to feed brooders. Some farmers have also set up facilities to prevent crabs from entering shrimp culture ponds and have thus effectively helped to exclude the disease (Lo et al., 1997) . Until there are effective diagnostic tools for all known decapod viruses and so that decapods can be reliably certified, the use of untreated cultured or cap tured decapods or indeed other possible viral reservoir hosts should be avoided.
Detection of WSSV in non-cultured arthropods col lected from WSSV-affected shrimp farms revealed that copepods, the pest crab H. tridens, small pest palaemonid shrimp and the larvae of an ephydridan insect were res ervoir or transport hosts of WSSV (Lo et al., 1996b) . In fact, about 40% of H. tridens and palaemonid were 2 -step WSSV PCR positive. These apparently healthy animals were obtained from farms where mass mortal ity of cultured shrimp had occurred and only very few cultured shrimp still survived. However, when these asymptomatic carriers were transferred to the laboratory, the number of the specimens positive by one-step diag nostic PCR increased rapidly over time and all died within a few days.
Thus, under stressful conditions, WSSV was able to cause disease in these pest prawns and crabs.
Tissue distribution analysis of WSSV in heavily infected and lightly infected shrimp by PCR
To identify the pattern of the tissue tropism of WSSV infection in adult black tiger shrimp, a study was con ducted using PCR to examine various sites for virus multiplication (Lo et al., 1997) . The DNA extraction method was found to be critical for reliable PCR amplification. So for tissue tropism analysis, PCR tem plates were prepared from various tissues with protein ase K, N-cetyl N,N,N-trimethylammonium bromide (CTAB) treatments, phenol/chloroform extraction and ethanol precipitation (Lo et al., 1996a (Lo et al., , 1996b (Lo et al., , 1997 . With this method, it was very easy to obtain amplificable DNA templates from the heart, gills, stomach, midgut, hepatopancreas, lymphoid organ, integument, abdomi nal muscle, spermatophore, testis, ovary, nerve, pleo pod, pereiopod, and hemolymph.
However, the com pound eye proved to be problematic: when checked us ing a specific DNA primer set for shrimp DNA, eystalks with the compound eye removed in WSSV infected shrimp always gave a positive amplification product, but with the compound eye still attached, the results were consistently negative. This suggests that the compound eye itself may contain PCR inhibitors. In a tissue tropism study (Lo et al., 1997) shrimp speci mens were divided into three groups based on WSSV PCR results. Group I comprised shrimp whose tissues were all two-step WSSV PCR negative; Group II com prised lightly infected shrimp which had at least some tissues positive after re-amplification; Group III com prised heavily infected shrimp whose tissues tested mostly one-step WSSV PCR positive. In very lightly infected specimens (Group II), WSSV is particularly prevalent in pleopods, followed in order of decreasing prevalence by gills, hemolymph, stomach, abdominal muscle, reproductive organs, midgut, heart, periopods, lymphoid organ, integument, nervous tissue, and the hepatopancreas.
It is interesting to note that among the Group III specimens, while many of the tissues that were relatively lightly infected in Group II shrimp are now heavily infected (for example the lymphoid organ), oth ers, such as the nerve and hepatopancreas, are still ap parently not target organs, even in the patent stage of infection (Lo et al., 1997) . Furthermore, in very lightly infected shrimp the lymphoid organ is not a main target for WSSV replication, although it becomes so in patent specimens.
Thus when non-destructive testing is desirable (for example in screening brooders or asymp tomatic carrier shrimp), the best sources for PCR template preparation would be the pleopods, gills, hemolymph or pereiopods.
An ablated eyestalk is also an alternative, provided that the compound eye is re moved before use.
Evidence of WSSV in reproductive organs of shrimp by in situ hybridization and TEM
In situ hybridization and TEM showed evidence of WSSV in some cell types in reproductive organs of in fected P. monodon (Table 4 ). In testes, WSSV-posi tive cells were located only in the connective tissue layer surrounding the seminiferous tubules and no germ cells were found to be infected.
In the spermatophore, only muscle and connective tissue cells were WSSV-positive. In the ovary, follicle cells, oogonia, oocytes and con nective tissue cells were WSSV-positive (Lo et al., 1997) . The fact that infected mature eggs were not found sug gested that any infected developing oocytes would be killed by the virus before they could reach maturity. If so, that transovarial transmission may be considered to be an unlikely pathway. Transovum transmission is a very real possibility however and perhaps one of the most effective ways of dealing this is simply to rinse or disinfect the nauplii. When 40 male brooders and 48 female brooders were captured from the wild and tested using WSSV PCR, 40% male brooders were positive in the first step of amplification, 27.5% were positive only in the second step of amplification and 32.5% were two-step PCR negative (Lo et al., 1997) . As for the female brooders, 12.5% were positive in the first step of amplification, 62.5% were positive only in the second step of amplifi cation and 25% were two-step PCR negative. Seasonal change in the prevalence of WSSV in captured brooders was also observed (Lo et al., 1997) .
These 48 female brooders were also used to study the vertical transmission of WSSV. Although some brood ers did not spawn during the 14-day observation period, others spawned a few hours or a few days after arrival at Tung Kang Marine Laboratory of the Taiwan Fisheries Research Institute. Of those that did spawn success fully, none were found to have been one-step WSSV PCR positive; conversely, brooders that were one-step WSSV PCR positive invariably died within 1-4 days of being captured.
Occasionally we found that the off spring of some brooders were one-step PCR positive (Lo et al., 1997) . Studies have followed up these PCR screening results with in situ hybridization to confirm that many of the offspring of WSSV-carrier brooders are indeed infected.
We also tested for WSSV in the offspring of a WSSV-carrier brooder designated as spawner #14 (S 14) in Lo et al., 1997 , to determine which tissues support the virus multiplication in this shrimp population during the growth period. We cultured the S14 offspring in Tung Kang Marine Laboratory, first in a tank and then in ponds. They were eventually har vested after 13 months of culture. During this period, PCR was used to monitor this population and no one step PCR positive specimens were found (Lo et al., 1997; Kou and Lo, unpublished) . At PL 20, all six of the postlarvae tested were two-step PCR positive. At 7 months, a sample of five shrimp was taken to investi gate the tissue distribution by PCR, and 2-step PCR posi tive tissues were found in all the specimens tested. Heart, gill, epidermis, muscle and stomach were appar ently the tissues that best supported viral replication in this WSSV persistently (latently) infected shrimp popu lation (Kou and Lo, unpublished) .
The previous study on WSSV tissue tropism in very lightly-infected speci mens also revealed that WSSV is prevalent in these tis sues (Lo et al., 1997) . This contention was further sup ported by in situ hybridization tests with S14 offspring at the age of 13 months. In fact, at the age of 13 months one-step PCR positive individuals were found in these shrimp and some of these shrimp had died. Hence, the shrimp were harvested and 20 specimens were sampled for WSSV tissue tropism analysis by in situ hybridiza tion. These apparently healthy specimens were now about 60-80 g in body weight. A closer inspection re vealed that 10% of examined specimens had tiny white spots on their carapace. Furthermore, in situ hybrid ization analysis revealed WSSV positive cells in 50% of the specimens examined, with most of the WSSV posi tive cells being found in the stomach, epidermis and gills, far more than in the lymphoid organ and other organs. This is probably because the shrimp body defense mechanisms have managed to contain the virus. Under good-that is non-stressful-culture conditions, a shrimp that becomes infected in this way would probably sur vive; conversely under stressful conditions it might well succumb (Chou et al., 1995; Flegel, 1997) .
Conclusions
WSSV can be transmitted orally as well as via water across shrimp species and possibly arthropods Chou et al., 1998 As shown in Fig.1 , even within a closed system that uses filtered water and is effectively isolated from ex ternal, accidental sources of infection, there is nothing to prevent WSSV from moving freely along any of sev eral pathways within the hatchery and grow-out pond.
It is important to understand that eliminating only some of the sources of WSSV will not be adequate. Since WSSV is difficult to contain, the best strategy is to com pletely prevent, as far as possible, its entry into the sys tem in the first place. 
